Recent stimulation studies in monkeys and humans have shown strong interactions between ventral premotor cortex (area F5) and the hand area of primary motor cortex (M1). These short-latency interactions usually involve facilitation from F5 of M1 outputs to hand muscles, although suppression has also been reported. This study, performed in three awake macaque monkeys, sought evidence that these interactions could be mediated by short-latency excitatory and inhibitory responses of single M1 neurons active during grasping tasks. We recorded responses of these M1 neurons to single low-threshold (Յ40 A) intracortical microstimuli delivered to F5 sites at which grasp-related neurons were recorded. In 29 sessions, we tested 232 M1 neurons with stimuli delivered to between one and four sites in F5. Of the 415 responses recorded, 142 (34%) showed significant effects. The most common type of response was pure excitation (53% of responses), with short latency (1.8 -3.0 ms) and brief duration (ϳ1 ms); purely inhibitory responses had slightly longer latencies (2-5 ms) and were of small amplitude and longer duration (5-7 ms). They accounted for 13% of responses, whereas mixed excitation then inhibition was seen in 34%. Remarkably, a rather similar set of findings applied to 280 responses of 138 F5 neurons to M1 stimulation; 109 (34%) responses showed significant effects. Thus, with low-intensity stimuli, the dominant interaction between these two cortical areas is one of short-latency, brief excitation, most likely mediated by reciprocal F5-M1 connections. Some neurons were tested with stimuli at both 20 and 40 A; inhibition tended to dominate at the higher intensity.
Introduction
A key component of the cortical and subcortical grasp networks responsible for visuomotor transformations during reach-tograsp movements (Matelli et al., 1998; Rizzolatti and Luppino, 2001; Grafton, 2010) is the "visuomotor grasping circuit," first proposed by Jeannerod et al. (1995) . This links anterior intraparietal area (AIP) in the intraparietal sulcus to area F5 in the ventral premotor cortex (PMv), which in turn projects onto the hand representation of the primary motor cortex (M1), which gives rise to many corticospinal projections influencing hand muscles.
Neurons in the parietal AIP and frontal F5 areas discharge during grasp of objects of different shapes with some selectivity for grasp of a given object (Taira et al., 1990; Murata et al., 1997 Murata et al., , 2000 Raos et al., 2006; Umilta et al., 2007) . Overall, neurons in AIP are more responsive to observation of objects, whereas in F5 a high proportion of neurons are related to the motor goal and to active grasp. Within the hand representation of M1, grasp-related activity is common and related to the activation of the distal arm and hand muscles for movement execution (Umilta et al., 2007) .
Recent stimulation studies have demonstrated powerful F5-M1 interactions. In the anesthetized monkey, single stimuli delivered to F5 facilitates late corticospinal volleys (indirect or I-waves) evoked by the stimulation of M1 (Shimazu et al., 2004) , and this augments the short-latency motor output to the hand muscles generated from M1 (Cerri et al., 2003) . Prabhu et al. (2009) demonstrated that this interaction is present in the awake monkey and is grasp specific. Parallel transcranial magnetic stimulation (TMS) experiments in human subjects have also demonstrated grasp-specific interactions between PMv and M1 (Davare et al., 2008 (Davare et al., , 2009 (Davare et al., , 2010 .
Interactions between different parts of the cortical grasp network are probably mediated by dense reciprocal long-range corticocortical connections (Pandya and Kuypers, 1969; Jeannerod et al., 1995; Rizzolatti and Luppino, 2001) . Dense inputs to the digit representation in M1 originate from the digit representations in PMv and dorsal premotor cortex (Muakkassa and Strick, 1979; Strick, 2002, 2005) , and Godschalk et al. (1984) showed that neurons in the ventral premotor cortex ("periarcuate area") could be antidromically activated at short latency from the ipsilateral M1 hand area. Stimulation of premotor areas can augment corticospinal I-wave activity from M1 (Patton and Amassian, 1954; Amassian et al., 1987; Ghosh and Porter, 1988) . In the sedated monkey, Tokuno and Nambu (2000) showed that strong (100 -500 A) single-pulse stimulation in PMv evoked either pure inhibition or early excitation, followed by a prolonged inhibition (duration of Ϸ100 ms) of discharge in M1 pyramidal tract neurons. In general, inhibition dominated these responses.
Thus, although all of the above neurophysiological studies have provided evidence of F5-M1 corticocortical interactions, none has so far shown that grasp-related neurons in M1 are responsive to activation of F5 or whether reciprocal effects from M1 to F5 grasping neurons are also present. These are main objectives of the current study, which also sought to investigate whether the stimulus intensity could influence the balance between excitation and inhibition. Extracellular single-unit activity was recorded in M1 while stimulating F5 with low-intensity single pulses (i.e., Յ40 A). These stimuli evoked clear excitatory and inhibitory responses in M1 neurons at short latency. Reciprocal effects from M1 to F5 with similar properties were also observed. In general, inhibitory responses predominated at stronger intensities.
Materials and Methods
Three adult, purpose-bred macaque monkeys were involved in this experiment: two males, M40 (5.0 kg) and M41 (8.0 kg), and a female, M43 (5.5 kg). All procedures were performed in accordance with the United Kingdom Scientific Procedures (Animals) Act. The same animals were used to study the activity of single neurons and local field potentials in the premotor and primary motor cortex during various reach-to-grasp movements (Umilta et al., 2007; Spinks et al., 2008) . The methods used in the present study are described in detail in Umilta et al. (2007) and are summarized only briefly below.
MRI scan and image analysis
At the beginning of the study, all three monkeys had a structural MRI scan under anesthesia (ketamine and medetomidine, Domitor; Pfizer). The monkey's head was placed in an MRI-compatible stereotaxic frame, with atraumatic eye and ear bars. Scans were performed with a GE Medical Systems Signa Horizon 1.5 tesla system (voxel dimensions, 0.5 ϫ 0.5 ϫ 0.5 mm). Main physiological functions were monitored throughout the 12 min scan.
MR images were realigned with the Horsley-Clarke stereotaxic system using custom-made software (3D Workstation, Medical Graphics; UCL), which were processed to guide the shape of a custom-fitted headpiece required for head fixation during cortical recordings. A 3D rendering of the cortical surface on which the central and arcuate sulci could be localized was used for accurate placement of the recording chambers and planning of electrode penetrations.
Surgery
All surgeries were performed under deep general anesthesia, induced with 10 mg/kg ketamine intramuscularly and maintained with 2-2.5% isoflurane in 50:50 O 2 /N 2 O. Full aseptic procedures were used. For subsequent head restraint during recording sessions, a custom-designed stainless-steel or Tekapeek circular headpiece was fixed to the monkey's skull (Lemon, 1984; Baker et al., 1999) . In a second surgery, we implanted a rectangular stainless steel or Tekapeek recording chamber (20 ϫ 10 mm) encompassing the F5 and M1 hand areas in the same hemisphere. The position of the chamber was based on stereotaxic coordinates estimated from the MRI and was also guided by the shape of the central and arcuate sulci, visible through the exposed dura. After each surgery, monkeys received a full course of antibiotics (20 mg/kg oxytetracycline, i.m., Terramycin/LA; Pfizer) and analgesic (10 g/kg buprenorphine, i.m., Vetergesic; Reckitt and Colman).
Recording and stimulation
At the beginning of each recording session, the recording chamber was opened and cleaned. We used two independent recording drives (7 and 16 channels drives;Thomas Recording) to record and stimulate simultaneously from F5 and M1. The exact position of the tip of the drives with respect to the arcuate and central sulci was computed from previous readings of the position of stereotaxic reference markers on the chamber lid. Two to four glass-insulated platinum electrodes (1-2 M⍀ impedance at 1 kHz) were loaded into each drive with an interelectrode distance ranging from 300 m to 1.2 mm. The electrodes were inserted one by one through the dura into the cortex. After the insertion of all electrodes, a 30 min delay was allowed to stabilize the cortical recordings. Each electrode was then independently advanced into the cortex until the activity of cortical neurons was clearly isolated from background activity.
Single-unit activity. Once a stable set of units was isolated in both F5 and M1, cortical activity was recorded while the monkey was performing a reach-to-grasp task with the contralateral hand. In M40, the task required grasping a set of three differently shaped objects using distinct hand postures (Fig. 1 A) . The other two monkeys (M41 and M43) had to perform a precision grip between the tip of the thumb and the index finger to move two levers into a position window (Lemon et al., 1986) and, in the same session, use a rake to retrieve distant pieces of food from a horizontal flat board (Iriki et al., 1996; Quallo et al., 2009) . All the neurons included in this study were clearly modulated during these behavioral tasks (Fig. 1 B) . Some neurons were identified as pyramidal tract neurons (PTNs) by antidromic activation from the ipsilateral pyramidal tract (for details, see Kraskov et al., 2009) .
Single-pulse intracortical microstimulation. An isolated stimulator (Neurolog NL800 stimulus isolator; Digitimer) was used to deliver a single, balanced biphasic pulse of intracortical microstimulation (s-ICMS) (with the cathodal pulse leading the anodal) to one electrode in F5 (or M1) while recording cortical activity from all the other electrodes. Each phase of the s-ICMS pulse was 200 s wide, and pulses were repeated at a frequency of 10 Hz for 3-5 min. Maximum stimulus intensity was 30 A in M40 and 40 A in M41 and M43. With these intensities, the duration of the stimulus artifact was 1.5-2 ms, and the dead time of the discriminator was only marginally longer (1.7-2.2 ms), allowing early responses to be visualized despite the presence of the stimulus artifact (Fig. 1 E) . In some sessions in which a robust excitatory response was visible in individual sweeps, we explored evoked responses at different current intensities. All electrodes in F5 and M1 were used in turn as the stimulating electrode. Throughout the s-ICMS sessions, the monkeys were actively reaching and grasping either for food reward or from an instrumented carousel (Brochier et al., 2004) .
Recordings. The signal from each electrode was preamplified and bandpass filtered (300 Hz to 10 kHz) for the analysis of single-unit activity. This signal was sampled at 25 kHz and saved on disk for offline analysis. Offline discrimination of single-unit activity was performed with custom-made software based on principle component analysis of spike waveforms and cluster cutting (Eggermont, 1990) .
At the end of the recording/stimulation session, the motor effects evoked by repetitive ICMS at the recording site were determined with trains of pulses (13 pulses at 333 Hz, intensity typically up to 50 -60 A, duty cycle 0.5 Hz). The electrodes were then withdrawn from the cortex. The dura was treated for 5 min with the anti-mitotic compound 5-flurouracil, to counteract dural scarring (Spinks et al., 2003) . It was then thoroughly rinsed, filled with sterile saline, and closed with a lid.
Histology. At the end of the experimental period, M40 and M41 were killed by an overdose of pentobarbitone (50 mg/kg, i.p., Euthanal; Rhone Merieux) and perfused through the heart. The cortex and brainstem were photographed and then removed for histological analysis. The location of cortical penetrations in F5 and M1 was constructed by integrating the stereotaxic readings obtained during each session with postmortem histology. M43 is still alive.
Results

Database
Recording and stimulation sites
This study was performed toward the end of three experimental studies in which the foci of grasp-related activity in F5 and the hand area of M1 were first defined by systematic recording in both areas ( Fig. 1 A, Area F5 (Matelli and Luppino, 1996) is the rostral division of the PMv and was characterized by brisk neuronal activity for grasp (Umilta et al., 2007) , with either the contralateral or ipsilateral hand and by the presence of contralateral digit movements evoked by ICMS at thresholds Ͼ15 A in 33 of 92 (35.8%) of the recording sites. The M1 hand area was located immediately rostral to the central sulcus, 16 -18 mm lateral from the midline, and was again characterized by marked modulation of activity during grasp and by motor effects in the hand and digits with lower ICMS thresholds (Ͻ15 A) in 70 of 79 (88.6%) of the recording sites. The penetrations mapped in M40 and M43 are shown in Figure 1 , C and D, respectively. The sites at which responses to s-ICMS were obtained were limited to rather restricted regions of F5 and M1.
The efficacy of the cortical stimulus was confirmed by inspection of responses recorded on other microelectrodes within the same cortical area. These responses were often characterized by short-latency orthodromic (synaptic) responses showing considerable jitter ( Fig. 1 E) . Of the F5 sites tested, 15 of 92 (16.3%) were loci at which PTNs were identified; this applied to 33 of 79 (41.8%) of M1 sites.
Number of single neurons tested from ICMS sites in F5 and M1
A total of 29 s-ICMS sessions were recorded from the three monkeys (Table 1) . During these 29 sessions, a total of 370 single neurons were recorded at 171 sites (138 neurons from 92 sites in F5 and 232 neurons from 79 sites in M1). Each recorded single neuron was tested from between one and four electrodes in the opposite area, with a current intensity of 30 A (M40) or 40 A (M41, M43). Thus, in total, we recorded 280 responses from single neurons in F5 during s-ICMS delivered to M1 and 415 responses from single neurons from M1 during s-ICMS to F5. Because the same single neuron could respond in widely different ways to stimulation from different sites (see below), all the results are expressed in terms of responses of single neurons rather than for single neurons per se.
A large proportion of responses in M1 neurons showed significant short-latency effects (i.e., Ͻ20 ms) to stimulation of F5 (34%), and a similarly high proportion of responses recorded in F5 showed effects to stimulation of M1 (39%) ( Table 1) .
Single-neuron responses to s-ICMS
For all single neurons, we confirmed that the interspike interval (ISI) histogram did not contain any nonphysiologically short intervals as a result of poor discrimination of the spike waveform (Fig. 2 D) . We then inspected randomly selected sweeps in which the neuron responded to stimulation, to check that the spikes contributing to evoked responses were similar in shape and size to the spontaneously occurring spikes and that they were clearly distinct from the tail of the stimulus artifact (Fig. 2C, inset, E, F ) . If spikes could not be reliably distinguished from the artifact, no PSTH was constructed and the neuron was excluded from the analysis.
For all single neurons tested with each block of s-ICMS, we then computed a poststimulus time histogram (PSTH) with a 0.2 ms bin width referenced to the stimulus onset. The PSTH was constructed with all stimuli delivered in that block (typically 1800 -5000 stimuli in total). We also calculated a PSTH predictor using an estimate of the instantaneous firing rate (IFR) for each neuron (Fig. 2 A) . In each sweep, the IFR at a given time was estimated from the reciprocal of the interval between the preceding and succeeding spikes. The IFR estimate was then averaged across all sweeps and used to predict the number of expected spikes in every PSTH bin. The PSTH predictor was subtracted from the raw PSTH to determine the number of spikes above or below prediction ( Fig. 2A,B) . The SD of spike events from the predictor ( bg ) was computed over the 30 ms period preceding stimulus onset. We then used fixed quantitative criteria to detect excitatory and inhibitory responses to the s-ICMS. The response was considered as excitatory when at least three consecutive poststimulus bins were above 2 ϫ bg . The response was considered to be inhibitory when at least five consecutive poststimulus bins were below 1 ϫ bg . We justified the use of different thresholds for excitatory and inhibitory responses because these were fundamentally different; excitation was usually large and brief, whereas inhibition was of longer duration, and we wanted to avoid floor effects in detecting inhibitory responses in neurons with relatively low background firing rates. The relevance of these thresholds was further assessed by computing the probability of excitatory peaks and inhibitory troughs occurring by chance in background activity (i.e., over the 30 ms before stimulus onset). This probability was compared for three-bin excitatory peaks and for five-bin inhibitory troughs. Of 638 F5 and M1 responses from single neurons in M40 and M43, Ͻ0.1% showed three-bin peaks above 2 ϫ bg in background activity, and only 1.6% of the units showed a five-bin trough below 1 ϫ bg in background activity, which is well below 0.05 significance level.
Types of responses to the s-ICMS
We classified the responses that showed clear effects to s-ICMS into three distinct categories: (1) pure excitation, (2) early excitation peak followed by inhibition, and (3) pure inhibition (Fig. 3) .
Pure excitation
The majority of the neurons showed only one peak of shortlatency excitation in response to s-ICMS [F5 neuron (Fig. 3A) and M1 neuron ( Fig. 3B)] ; this peak was brief and was not followed by any significant inhibition. The gray line is a PSTH predictor computed from the mean instantaneous firing rate of the neuron in the peristimulus period. B, Corrected histogram showing the number of spikes above or below the PSTH predictor. A peak was considered significant when it was above 2ϫ SD (top horizontal line) of the background firing rate (to left of stimulus) for at least three consecutive bins. A trough was considered significant when it was below 1ϫ SD (bottom horizontal line) of the background rate for at least five consecutive bins. The gap in the PSTH attributable to the dead time of the spike discriminator during stimulus delivery is indicated by a dotted line. C, ISI histogram (bin width, 2 ms). D, The first 10 ms of the ISI histogram (bin width, 1 ms). This well-isolated single neuron (inset in C; horizontal calibration bar, 1 ms; vertical bar, 100 V) did not show any counts in the first 1 ms bin of the histogram (arrow). E, Superimposition of 15 randomly selected spikes, referenced to the spike negativity. The spike waveform is clearly distinct from the tail of the stimulus artifact, and the jitter in the stimulus artifact is attributable to the variability of the spike onset time with respect to the single pulse and reveals the orthodromic nature of the response. F, Superimposition of 15 spikes referenced to the stimulus artifact (same timescale as E). 
Early excitation-inhibition
These responses were characterized by a peak in the PSTH occurring at very brief latency (1.8 -4 ms) (Fig. 3C,D) . This early excitatory peak was followed by inhibition with a variable duration. In some cases, the inhibitory period was followed by a second excitatory peak.
Pure inhibition
Here the response consisted of a short-latency suppression of steady background activity (Fig. 3 E, F ) without any significant accompanying early excitation. At the end of the inhibitory period, the activity of the neuron was often slightly higher than the prestimulus level, and a significant, long-latency (15-25 ms) excitatory peak of low amplitude was occasionally detected (Fig.  3 E, F, arrows) . As shown in Figure 4 A, the most frequently observed type of response was pure excitation (54% in F5 and 53% in M1). Responses with mixed excitation and inhibition were also common (26% in F5 and 34% in M1), whereas those with pure inhibition were least common (20% in F5 and 13% in M1). Thus, the proportions of these three response categories were rather similar in F5 and M1 neurons.
We quantified precisely the respective incidence of inhibition and excitation in these categories by calculating the amplitude, duration, and area of the predictor-corrected poststimulus responses (Fig. 4 B) . Significant peaks and troughs in each PSTH were selected using the selection criteria described previously (three bins above 2 ϫ bg and five bins below 1 ϫ bg , respectively). In the case of multiple peaks or troughs, the response with the largest area was selected for additional analysis. The response amplitude was the average spike count per bin within the peak (for excitation) or trough (inhibition). The response duration represented the total number of consecutive bins above 2 ϫ bg and below 1 ϫ bg for the peak and trough, respectively. The tail of inhibition was often unclear (Fig. 3F ) . To avoid this problem, the PSTH was smoothed with a five-point running average before computing the response duration. The response area was defined as the total spike count in the peak or trough.
Overall, the results in Figure 4 B show that excitation tended to be large and brief, whereas inhibition was small but relatively long lasting. Both the amplitude and the area of excitation were significantly larger in the excitation-inhibition responses than in the pure excitation category. Likewise, the area of inhibition was significantly larger in the mixed excitation-inhibition responses than in the pure inhibition category. The duration of inhibition (5-7 ms) was always longer than excitation (1 ms).
Response latency
The distribution of short-latency excitatory responses was similar in both F5 (Fig. 5A) and M1 (Fig. 5B) . The majority of the peaks (64 and 68% in M1 and F5, respectively) occurred between 1.8 and 2.4 ms after the stimulus onset. Fewer neurons responded for the first time at longer latencies. These late peaks usually followed a period of reduced or suppressed activity (Fig. 3F ) , suggesting some kind of postinhibitory rebound. In neurons exhibiting pure inhibition, the onset of inhibition was often difficult to dissociate from the trough in the histogram during the stimulus artifact (i.e., the dead time of the discrimination process) (Fig. 3E) . In this case, we set the inhibition onset latency at 2 ms, which was the average dead time of the discriminator, i.e., the earliest time after stimulation when single spikes could be reliably discriminated. In some cases, early onset of inhibition was detectable at short latency without contamination from the discriminator dead time (Fig. 3E) . Most often, significant inhibition occurred just after a significant excitatory peak with a latency of ϳ3 ms (Fig. 3D ) (see Fig. 9C,G) . Late inhibitory responses were relatively rare.
Double-peak responses
Approximately one-quarter of the neurons with responses to s-ICMS (23 and 25% in F5 and M1, respectively) showed a double excitatory peak in the PSTH, such as those shown in Figure 6 , A and B. This type of response was characterized by a sharp response peak at short latency followed by a period of reduced or suppressed activity and then a second peak of excitation. The amplitude of the second peak was usually smaller and its duration longer than the amplitude of the first peak. Averages of PSTH responses from F5 (25 responses) and from M1 (36 responses) with double-peak effects are shown in Figure 6 , C and D, respectively. These averages were obtained by pooling the corrected PSTH of these responses. At this population level, two peaks of response were still observed within the first 10 ms after stimulus, and the separation between the peaks was ϳ6 ms. Thus, neurons that responded this way did so in a consistent temporal pattern.
Single neurons tested from different sites yielded different responses
The response of a given neuron to stimulation at different sites was not uniform. Figure 7 shows responses of the same single M1 neuron to s-ICMS (40 A) at four different sites within F5; these four sites were within 1 mm of each other. The overlaid spikes and ISIs confirm that the same neuron was tested in each case (Fig.  7 A, B) . F5 sites 1 and 2 evoked brief short-latency excitation, whereas site 4 evoked a double-peak response followed by inhibition. Site 3 was ineffective.
s-ICMS response at different intensities
In nine sessions, we compared the effect of s-ICMS at two different intensities, 20 and 40 A. Within these sessions, significant excitatory or inhibitory responses were evoked in 11 neurons at 20 A (four from M1, seven from F5) and 12 neurons at 40 A (six M1, six F5). Close inspection of the data (ISI histograms, spike shape, and PSTH) revealed that, in eight cases, recordings were made from the same neuron at the two intensities. Figure 8 illustrates s-ICMS-evoked response in an F5 neuron at different intensities. The comparison of the ISI histograms (Fig. 8 A, E) and the spike shapes (Fig. 8 B, F ) confirm that the same neuron was recorded while stimulating at the two different intensities. At 20 A, the response was characterized by a typical early and brief peak of excitation with no subsequent inhibition. This response was classified as pure excitation following our criteria. Increasing the intensity of stimulation to 40 A led to a combination of excitatory and inhibitory effects in the response of this neuron (Fig. 8G,H ) . The amplitude of the excitatory peak increased, but its brief duration remained unaffected. In addition, a significant period of inhibition was observed immediately after the excitatory response. This inhibition was still evident when all the sweeps in which a spike was evoked in the early excitatory peak were excluded from the PSTH (Fig. 8 H) . This analysis shows that inhibition was still clearly present after removal of these excitatory evoked responses and was therefore not attributable to refractoriness of the neuron following these responses. The 40 A evoked response was classified as excitation-inhibition.
To further analyze the greater incidence of inhibition at the stronger intensity, we calculated the number of responses at 40 versus 20 A, which showed pure excitation, excitation-inhibition, or pure inhibition. Figure 9 shows the distribution of the responses in each of the three categories. Pure excitatory responses clearly predominated at 20 A (8 of 11 responses). In contrast, most of the responses (9 of 12) at 40 A fell into the early excitation-inhibition category (Fig. 9 ).
Discussion
This study shows that single, low-intensity ICMS pulses delivered to F5 sites at which grasping activity was recorded evoked orthodromic excitatory and inhibitory responses in M1 hand area neurons, which were also grasp related. Reciprocal effects in F5 to stimulation in M1 were also found and had similar properties. These results provide direct evidence that corticocortical excitation and inhibition of M1 and F5 neurons could underlie the powerful interactions between PMv and M1 during preparation and execution of grasping movements (Shimazu et al., 2004; Davare et al., 2009 Davare et al., , 2010 Prabhu et al., 2009 ).
Action of intracortical stimuli within the stimulated cortical area (MI or F5)
Intracortical stimuli with the duration, intensity, and configuration used in this study are known to exert most of their direct effects on axons and particularly on myelinated axons of pyramidal cells lying close (ϳ1 mm) to the electrode tip but not on cell bodies (Stoney et al., 1968; Nowak and Bullier, 1998a,b; Butovas and Schwarz, 2003; Tehovnik et al., 2006; Histed et al., 2009 ). However, there will also be an intense indirect (trans-synaptic) activation of neurons that follows from the antidromic and orthodromic activation of axons (Tolias et al., 2005) , which can activate a sparse but quite widely distributed population of neurons (Histed et al., 2009) . The characteristic response to s-ICMS, within the stimulated area, was an early, trans-synaptic excitation followed by a prolonged period of inhibition (Fig. 1 E) (Baker et al., 1998; Butovas and Schwarz, 2003) . Such responses are consistent with a "canonical circuit" thought to operate in all neocortical areas (Seidemann et al., 2002; Douglas and Martin, 2004) , although some differences between granular and agranular cortex cannot be ignored. Nambu, 2000, intracortical stimuli, 100 -500 A, sedated monkeys), the responses we recorded were obtained with single-pulse stimuli of low intensity (Յ40 A, equivalent to a charge of only 4 -8 nC). It is likely that the threshold for evoking clear responses was reduced both because our monkeys were awake and actively engaged in reaching and grasping tasks and because pairs of F5 and M1 sites were preselected for containing grasp-related neurons (Fig. 1) .
Tokuno and Nambu (2000) found that responses in M1 to PMv stimulation were dominated by long-lasting (90 ms) inhibition; 23 of 27 PTNs showed pure inhibitory responses, 11 showed excitation-inhibition, and none showed pure excitation. Inhibition lasting 50 -200 ms was also reported by Ghosh and Porter (1988) . These findings contrast with the high incidence of pure excitation (Figs. 3-8 ) and double-excitatory peaks (Fig. 6 ) reported here; poststimulus inhibition was relatively brief and rarely exceeded 10 ms.
Our results demonstrate that it is possible to evoke purely excitatory corticocortical responses, presumably attributable to activation of long-range projections terminating on local excitatory circuits presynaptic to pyramidal cells. No inhibition was detectable in these responses, which were the most commonly found with shocks of 30 -40 A (Fig. 4 A, white bars) . Although some of these pure responses were small, they were on average ϳ70% of the generally larger excitatory peaks that were seen in combination with later inhibitory effects in other neurons (Fig.  4 B, black bars) .
Inhibitory responses presumably result from volleys in longrange projections to local inhibitory circuits (Berman et al., 1991; Keller and Asanuma, 1993; Markram et al., 2004) . Inhibitory effects were augmented with stronger stimuli. At 40 A, mixed excitatory-inhibitory responses were much more common than with 20 A stimuli, in which pure excitatory responses predominated (Figs. 8, 9 ). These features could be explained by a greater degree of convergence of long-range projections from the stimulated area onto local inhibitory circuits so that, as stimulus intensity is increased, inhibition tends to dominate excitation.
General implications for studies of corticocortical effects
Repetitive ICMS is now routinely used to study not only motor effects but also changes in behavior (Romo et al., 2000; Gold and Shadlen, 2007) and BOLD activity (Tolias et al., 2005; Logothetis et al., 2010) . fMRI studies confirm that the effects of repetitive ICMS extend beyond the brain region excited by direct current spread (Tehovnik et al., 2006; Field et al., 2008) . Tolias et al. (2005) observed that long trains of strong ICMS (typically 4 s long and up to 1800 A) applied to primary visual cortical area (V1) evoke a BOLD response in cortical regions located only one synapse away from the site of stimulation (e.g., in V2, V3, or middle temporal area MT). However, we do not know that these BOLD responses reflected solely the monosynaptic actions of corticocortical projections to the connected areas, because these , 83 spikes) . B, Superimposed spike traces and corrected PSTH (C, n ϭ 3313 stimuli) for s-ICMS at 20 A; E-G, same data at 40 A (in G, n ϭ 2241 stimuli). Calibration bar in E is 20 spikes (inset, largest bin, 70 spikes). At 40 A, the brief peak of excitation was followed by clear inhibition, which was far more evident than at 20 A. The excitatory peak at 20 A was reduced in amplitude. D, H, PSTH excluding the sweeps with an excitatory response. The inhibitory response was still present, confirming that it was not attributable to refractoriness after evoked spikes (arrow). monosynaptic actions are likely to cascade into local excitatory and inhibitory circuits (see above). Logothetis et al. (2010) recently demonstrated that silencing the corticocortical pathways from V1 (achieved by the repetitive stimulation of the lateral geniculate nucleus) led to widespread suppression of BOLD activity in connected visual cortical areas. Blockade of the M1 hand area with muscimol can completely abolish the motor effects evoked from PMv/F5 (Schmidlin et al., 2008) , further demonstrating how important these corticocortical pathways are in establishing the characteristic functions of a cortical area.
PMv-M1 interactions in human TMS studies
Our observations are of direct relevance to twin-coil TMS techniques used to explore premotor influences over M1 outputs in humans. The overriding effect reported has been one of inhibition/suppression. Civardi et al. (2001) showed that significant motor-evoked potential inhibition occurred when a conditioning shock over the premotor cortex was given 4 -6 ms before an M1 test shock. At a low intensity, a conditioning stimulus over PMv produces facilitation, whereas higher intensities lead to inhibition (Bäumer et al., 2009 ). This agrees with our observation that lowering the ICMS intensity reduces the level of inhibition.
Conclusions
This study demonstrates that low-intensity s-ICMS could be used to analyze dynamic corticocortical interactions during motor tasks. With such weak stimuli, the main interaction between areas F5 and M1 consists of brief, short-latency excitation, with inhibition becoming more predominant at higher intensities of stimulation. We suggest that these effects are mediated by long-range reciprocal projections between these two cortical areas that excite local polysynaptic circuits.
